Receptor-regulated dynamic interaction between endothelial nitric oxide synthase and calmodulin revealed by fluorescence resonance energy transfer in living cells.
The endothelial isoform of nitric oxide synthase (eNOS), a key regulator of vascular tone, is activated in endothelial cells by diverse Ca(2+)-mobilizing agonists, including vascular endothelial growth factor (VEGF). Although the activation state of eNOS and the subcellular localization of the enzyme are both highly regulated, the relationship between enzyme activity and subcellular targeting remains obscure. We aim here to elucidate this relationship by direct dynamic imaging analysis of Ca(2+)/CaM-dependent eNOS activation in living endothelial cells, using high-resolution confocal microscopy and donor dequenching fluorescence resonance energy transfer (FRET) techniques. Confocal images show a complex pattern of eNOS subcellular distribution; the enzyme is concentrated in both the plasma membrane and internal membranes, with robust expression in the perinuclear region. We construct a fusion protein between eNOS and the FRET-based calcium sensor cameleon, and analyze the temporal and spatial pattern of VEGF-mediated calcium mobilization using donor dequenching FRET methods. We find that VEGF promotes rapid mobilization of intracellular calcium throughout the regions of the cell in which eNOS is distributed. We further create a series of fusion proteins and use FRET imaging methods to study the interactions between eNOS and its obligate allosteric activator protein calmodulin. We clone the FRET acceptor EYFP (enhanced yellow fluorescent protein) at the C-terminus of calmodulin, and the FRET donor ECFP (enhanced cyan fluorescent protein) into eNOS at a site adjacent to its calmodulin-binding domain. FRET imaging analysis of individual endothelial cells cotransfected with eNOS-ECFP and calmodulin-EYFP shows that VEGF induces interactions between eNOS and calmodulin wherever both are present in the cell. Our studies provide evidence that the pool of rapidly responsive receptor-activated eNOS is distributed throughout endothelial cells in both plasma membrane and internal membrane structures, and that this distribution parallels the localization of agonist-induced intracellular Ca(2+) changes in the vicinity of eNOS.